Aim: To examine the stroke risks associated with aircraft, road traffic, and railway noise exposure in a large case-control study. Materials and Methods: All people aged ≥40 years living around the Frankfurt airport that were insured by one of three large statutory health insurance funds between 2005 and 2010 were included in the study (n = 1,026,670). Address-specific exposure to aircraft, road, and railway traffic noise was estimated for 2005. We used insurance claim data to identify 25,495 newly diagnosed cases of stroke between 2006 and 2010 and compared them with 827,601 control participants. Logistic regression analysis was used to calculate the odds ratios adjusted for age, sex, local proportion of people receiving unemployment benefits, and if available individual indicators of socioeconomic status (education, occupation). Results: For 24-h continuous aircraft noise exposure, neither increased risk estimates nor a positive linear exposure-risk relation was found. However, stroke risk was statistically significantly increased by 7% [95% confidence intervals (95%CI): 2-13%] for people who were exposed to <40 dB of 24-h continuous aircraft noise, but ≥6 events of maximum nightly sound pressure levels ≥50 dB. For road and railway traffic noise, there was a positive linear exposure-risk relation: Per 10 dB the stroke risk increased by 1.7% (95%CI: 0.3-3.2%) for road traffic noise and by 1.8% (95%CI: 0.1-3.3%) for railway traffic noise. The maximum risk increase of 7% (95%CI: 0-14%) for road traffic noise and 18% (95%CI: 2-38%) for railway traffic noise was found in the exposure category ≥65 to <70 dB. Conclusion: This large case-control study indicates that traffic noise exposure may lead to an increase in stroke risk. It furthermore suggests that maximum aircraft noise levels at night increase the stroke risk even when continuous noise exposure is low, and thus highlights the relevance of maximum noise levels for research and policies on noise protection.
INTRODUCTION
Noncommunicable diseases constitute one of today's leading public health challenges, with 70% of all deaths worldwide being currently attributable to these diseases. [1] Cardiovascular diseases account for nearly half of that mortality, comprising 17.5 million deaths per annum worldwide [2] and more than 4 million deaths in Europe alone. [3] According to World Health Organisation (WHO) mortality data for Europe, stroke accounts for 9% of these deaths in men and 14% in women. [3] Additionally, cerebrovascular diseases constitute an enormous public health burden because they often result in disability and long-term care dependency.
Noise disturbance is also a widespread problem. A recent survey revealed that almost every second person in Germany feels impacted and disturbed by environmental noise, and one of the main sources of this noise disturbance is traffic noise. [4] The WHO estimates that in Western Europe alone at least one million disability-adjusted life years are lost annually due to traffic noise induced diseases. [5] Noise exposure is presumed to activate the autonomous nervous system, resulting in a release of stress hormones (e.g., adrenaline, noradrenaline, cortisol), which can cause acute and chronic changes in the body. [6] Nocturnal sleep disturbance (e.g., night-time waking reactions) is another potential mechanism for the harmful effects of noise on health. Sleep disturbance can have detrimental effects on physiological resting and regeneration processes and lead to an increase in stress level and tiredness on the following day. [7, 8] The pathophysiological processes negatively influenced by stress are supposed to contribute to the development of cardiovascular morbidity, ultimately manifesting as endpoints such as arterial hypertension, myocardial infarction, and stroke. [9] [10] [11] Traffic is a major source of environmental noise, especially in urbanized settings. The connection between traffic noise and cardiovascular health outcomes is complex, because different sources of noise in the environment (e.g., road traffic, railway, aircraft noise) have to be taken into account. Additionally, a multitude of confounding factors might distort the potential association between noise exposure and cardiovascular risk, and effects may be different for different types of cardiovascular disease.
A possible connection between aircraft noise exposure and stroke has been examined by numerous studies, with heterogeneous results. A study focusing on LondonHeathrow airport compared the stroke risk of people exposed to over 63 dB of daytime aircraft noise to people exposed to <51 dB (L Aeq , 07:00-23:00 h). [12] They found increased hospitalization rates for stroke [risk ratio (RR) = 1.24; 95% confidence intervals (95%CI): 1.08-1.43]. The HYENA study which was conducted in six European countries found no increased stroke risk (self-reporting of a physician's diagnosis of stroke) after adjusting for confounders [odds ratios (ORs) = 1.08; 95%CI: 0.82-1.41 per 10 dB in L Aeq , 07:00-23:00 h]. [13] In the Swiss National Cohort, no associations between aircraft traffic noise measured in Ldn and stroke were found. [14] In line with that, a recent ecological study from France also could not show any significant risk increase of stroke mortality. [15] Several meta-analyses have investigated the nonauditory effects of road traffic noise and particularly effects on hypertension and ischemic heart disease. [16, 17] A recent meta-analysis of 14 studies on the effects of road traffic noise on coronary heart disease [18] found that the relative risk significantly increased; however, the validity of these results is limited by the fact that the analysis was not based on a systematic review. Regarding stroke, a cohort study from Denmark [19] suggested an association of residential road traffic noise and a higher risk for stroke among older people. In contrast, two studies from the Netherlands did not find significant associations between road traffic noise and cerebrovascular risk. [20, 21] To our knowledge, there are no pre-existing studies investigating the association between railway noise and stroke risk. However, the results of a recent study examining railway noise exposure suggest an increased overall mortality risk. [22] A recent meta-analysis examining the combined effects of all sources of traffic noise exposure (no studies were identified for railway noise) found a nonsignificant increase in stroke risk of 1.4% (95%CI: 0.964-1.066) per 10 dB. [23] A study based in metropolitan Vancouver (Canada) found an increase in stroke mortality risk for community noise, including all three types of traffic noise. However, this was nonsignificant after adjusting for confounders (RR = 1.03; 95%CI: 0.91-1.16), [24] and railway noise exposure was very rare in the study populations.
As the study design, methodological quality, and results of the current body of evidence are heterogeneous, additional largescale studies of rigorous methodology are important to improve epidemiological knowledge on the stroke-trafficnoise link. The present study therefore aims at assessing the relation between aircraft, road, and railway traffic noise exposure and stroke risk in a large case-control study.
MATERIALS AND METHODS

Study population
All people aged 40 years or older in 2010, living around Frankfurt airport (refer to Figure 1 for an illustration of the study region) that were insured by one of three large statutory health insurance funds between 2005 and 2010 were included in the study (n = 1,026,670).
Noise exposure assessment
Address-specific noise exposure was estimated separately for aircraft, railway, and road traffic noise. For aircraft noise, average and maximum sound levels at the center of the building were calculated according to the guidelines for the calculations of noise abatement zones [25] using historical radar data from the German flight safety operator. The estimates were verified by comparison with the values of local monitoring stations. For road and railway traffic noise, the estimates of traffic exposure at source were obtained by road counts and information by the Federal Railway Authority and the German Railway environmental department. Sound reduction between source and emission site was then calculated according to the methods of calculation for EU noise mapping [26, 27] to estimate address-specific noise exposure based on digital landscape modeling. The landscape modeling included information on the position of walls and noise barriers, footprints of buildings, and the landscape. Refer to Möhler et al. [28] for more information on the acoustic models, exposure calculations, uncertainties, and plausibility checks.
Definition of cases and controls
Hospital and ambulatory diagnoses (ICD 10 codes) and prescription data according to the Anatomical Therapeutic Chemical/Defined Daily Dose Classification were provided by the participating health insurance funds. Individuals with a primary hospital discharge or secondary diagnosis of stroke (ICD-10: I61.-: intracerebral hemorrhage, I63.-: cerebral infarction and I64.-: stroke, not specified as hemorrhage or infarction) between 2006 and 2010 but not in 2005 were included as newly diagnosed cases (n = 25,495). Ambulant diagnoses were not included since nearly all individuals with stroke get hospitalized. [29] [30] [31] Individuals without a stroke diagnosis in the study period and a minimum duration of insurance of 12 months were included as control participants (n = 827,601).
Data linkage
The health insurance funds provided pseudonymized health claims and prescription data to the Data Analysis Office in Dresden. Individual address data were linked to traffic noise data by the Data Linkage Office located in Bremen for two of the health insurance funds, while the third fund linked the data itself. Traffic noise and address data could be successfully linked for 95.5% of individuals (n = 907,736). The outcome and exposure data were then combined and analyzed at the Data Analysis Office in Dresden.
Potential confounders and statistics
Continuous sound pressure levels below 40 dB were used as a reference category, sound levels above 40 dB were grouped in 5 dB exposure categories. For aircraft noise, an additional exposure category was considered with continuous sound levels below 40 dB, but more than six single incidents of noise exposure above 50 dB between 22:00 and 06:00 h at night (NAT6). For each of these exposure categories, logistic regression analysis was performed to derive ORs and 95% CIs for each type of traffic noise separately. To examine the exposure-risk relationship, we applied a linear or thirddegree polynomial regression model to the 24-h continuous sound levels starting at 35 dB. The linear model was considered acceptable if the difference between the Akaike Information Criteria for the models was 5 points or less. Age, sex, and the local proportion of people receiving unemployment benefits as an indicator of SES were included as confounders. Individual's socioeconomic status (education and job title) were included if available. However, due to retirement, unemployment, or co-insurance with a family member, this was only the case for 10% of cases and 30% of control participants. Sensitivity analyses were conducted analyzing ischemic and hemorrhagic stroke separately, only including individuals with available SES information, and excluding NAT6 from continuous exposure-risk association calculations for aircraft noise exposure. 
RESULTS
Characteristics of cases and control participants are reported in Table 1 . Patients with a diagnosis of stroke were on average older than control participants [median 76 (IQR = 15) versus 60 (interquartile range, IQR = 24) years]. Case numbers and ORs for the different sources of traffic noise are shown in Table 2 . The linear model adequately represented the exposure-risk relation between all types of traffic noise and stroke risk.
Aircraft noise and stroke
In the linear model, there was a small negative exposure-risk association between continuous aircraft traffic noise exposure and stroke risk, with a risk decrease between 4.7 and 0% per 10 dB (P = 0.05). In the categorical analysis of continuous aircraft noise exposure, the effect sizes were all around 1.00 (refer Table 2 for ORs and 95% CIs). The effect size for the exposure category ≥55 to <60 dB was significantly smaller than 1.00 with an OR of 0.86 (95%CI: 0.77-0.95). However, the numbers of cases and control participants in the higher exposure categories were small. Thus, the fairly large effect size (OR = 1.62; 95%CI: 0.79-3.34) in the highest exposure category of ≥60 dB did not reach statistical significance. For continuous night time exposure (22:00-06:00 h), the risk estimates were around 1.00 for all exposure categories [ Table 2 ]. However, there were no cases or control participants that were exposed to night time aircraft traffic noise above 60 dB, and the number of cases in the second highest exposure category ≥55 to <60 dB was low. There was a statistically significant risk increase for people exposed to continuous sound levels below 40 dB, but more than six nightly single incidents of noise exposure above 50 dB (NAT6, OR = 1.07; 95%CI: 1.02-1.13).
Road traffic noise and stroke
In the linear model, the stroke risk was estimated to increase by 1.7% (95%CI: 0.3-3.2%) per 10 dB of road traffic noise increase. In the categorical analysis, the effect size estimates were around OR = 1.00 for exposure categories below 55 dB [ Table 2 ]. For higher exposure categories, stroke risk estimates were elevated (however, not all of them statistically significant). In the exposure category ≥55 to <60 dB the stroke risk was elevated to OR = 1.05 (95%CI: 1.00-1.11), for ≥60 to <65 dB it was OR = 1.01 (95%CI: 0.95-1.07). For ≥65 to <70 dB of continuous noise exposure, the highest risk estimate was found with OR = 1.07 (95%CI: 1.00-1.14) and for ≥70 dB the stroke risk was OR = 1.02 (95%CI: 0.91-1.14). For the night time period, there was a statistically significant risk increase for the exposure category ≥50 to <55 dB (OR = 1.05, 95%CI: 1.00-1.09) and for the category ≥55 to <60 dB (OR = 1.05, 95%CI: 1.00-1.11). For the exposure category above 60 dB, there was no statistically significant risk increase (OR = 1.02; 95%CI: 0.95-1.10).
Railway traffic noise and stroke
An elevated stroke risk was seen for railway traffic noise, with a risk increase of 1.8% (95%CI: 0.1-3.4%) per 10 dB. Similar to road traffic noise, risk estimates were around 1.00 for noise exposure up to 55 dB. For higher noise exposure categories, there was a statistically significant increase in stroke risk, reaching OR = 1.18 (95%CI: 1.02-1.38) for the exposure category ≥65 to <70 dB. For the highest exposure category above 70 dB, the risk estimate was not significantly different from 1.00; however, case numbers were low. For night time railway traffic noise exposure, there was a statistically significant increase in stroke risk for the highest exposure category of ≥60 dB with an OR of 1.12 (95%CI: 1.04-1.20).
Sensitivity analysis: ischemic and hemorrhagic stroke
As shown in Table 3 , there were 22,122 cases with ischemic stroke and 3236 with hemorrhagic stroke. For aircraft noise exposure, both types of stroke showed a statistically significant increase in stroke risk for the NAT6 metric. The effect was stronger for hemorrhagic stroke with an OR of 1.16 (95%CI: 1.02-1.33) than for ischemic stroke with an OR of 1.06 (95%CI: 1.00-1.12). For both types of stroke, there was a tendency toward higher risk in the highest exposure category (>60 dB); however, case numbers were small and the observed effects were not statistically significant.
For road traffic noise, the risk of ischemic stroke was estimated to increase by 2.3% (95%CI: 0.8-3.9%) per 10 dB increase in road traffic noise, and the risk estimates in the higher exposure categories were comparable to but slightly higher than the risk estimates in the main analysis. There was no statistically significant association between road traffic noise and risk of hemorrhagic stroke.
For railway noise, the continuous model approached statistical significance in both types of stroke with a 1.5% (95%CI: −0.2 to 3.3%) per 10 dB increase in ischemic stroke risk, and a 4.1% (95%CI: −0.3 to 8.7%) per 10 dB increase in hemorrhagic stroke. The estimators in the categorical analyses for railway noise were comparable across stroke types.
Sensitivity analysis: available SES information
To consider potential confounding due to missing socioeconomic status (SES) information, a subanalysis was performed including only individuals whose individual SES information was available from health insurance data (no  table) . The risk estimates were comparable to those from the full sample.
Sensitivity analysis: excluding NAT6 from continuous exposure-risk association
We conducted a sensitivity analysis excluding the NAT6 group of individuals with low continuous noise levels, but 
DISCUSSION
This large case-control study used health insurance data to examine the relationship between aircraft, road, and railway traffic noise exposure and the diagnosis of stroke. For aircraft noise, there was an elevated stroke risk for individuals exposed to <40 dB of continuous aircraft noise, but at least six events of maximum nightly sound pressure levels above 50 dB. No increased stroke risk was found for the different categories of 24 h continuous aircraft noise pressure levels; however, the case numbers in the high exposure categories were low. There was a small negative exposure-risk association that became nonsignificant when people with low continuous noise exposure, but repeated nightly maximum events above 50 dB were excluded. For road traffic and railway traffic noise, a positive linear exposure-risk relation was found. In the continuous exposure categories, there were elevated risks for most of the noise exposure categories above 55 dB; however, effect sizes were fairly small.
Strengths and limitations
In this large case-control study, stroke risk estimates were provided separately for aircraft, road, and railway traffic noise. Address-specific individual traffic noise exposure was estimated using digital landscape models and state-ofthe-art calculations. For aircraft noise, maximum nightly sound pressure levels were considered in addition to continuous sound pressure levels. The possibility of selection bias was reduced through the use of secondary health-claim data, including all insurees of the three participating health insurance funds. The health insurance funds cover about 23% of the total resident population living in the study area.
There may have been residual confounding since individual information on SES was only known for currently employed people: that is only 10% of cases and 30% of control participants. The percentage of cases with known SES was lower due to the higher mean age and thus a higher proportion of people in retirement. For each individual, information on the local proportion of people receiving unemployment benefits as an indicator of SES was included in the analysis. Furthermore, a subanalysis including only individuals with available SES information was conducted to assess confounding by SES in more depth, suggesting no relevant confounding influence of SES.
We did not have the data to control for air pollution as a potential confounder. A review by Stansfeld [32] found only small associations between air pollutants (such as PM 10 , PM 2.5 , NO x , NO, NO 2 ) and aircraft as well as railway traffic noise, while the associations were stronger for road traffic noise. However, Sørensen et al. found that the effect of road traffic noise on stroke risk was not confounded by air pollution in 2011. [19] Another study examining potential combined effects of air pollution and road traffic noise on stroke showed that only road traffic noise but not air pollution had an effect on ischemic stroke, whereas air pollution increased fatal stroke risks in mutually adjusted models. [33] The reported effects of traffic noise independent of air pollutants give us some confidence in our results, despite not being able to adjust for air pollutants. Railway transportation is usually associated with little air pollution in the study area, because most trains run on electricity. For aircraft noise, the only exposure group that had a statistically significant risk increase was the group experiencing low continuous noise but at least six noise events above 50 dB per night (NAT6). It appears unlikely that this specific type of exposure should be confounded by air pollutants.
Comparison of risk estimates for aircraft, road, and railway traffic noise
For continuous noise pressure levels, road traffic noise and railway traffic noise show a comparable increase in stroke risk with higher noise exposure (1.7% per 10 dB for road traffic noise, 1.8% per 10 dB for railway traffic noise), while there was no statistically significant effect of continuous aircraft noise exposure on stroke risk. This may be because considerably elevated stroke risks for railway and traffic noise exposure were found at sound pressure levels above 55 dB, but only 2.6% of participants were exposed to continuous aircraft noise above 55 dB. It is thus possible that the risk increase is comparable across the sources of traffic noise, but this study lacked the power to detect a risk increase for aircraft noise.
For road and railway traffic noise, we found a linear positive exposure-risk relationship starting at 35 dB. Consequently, in accordance with other studies on the cardiovascular effects of traffic noise (e.g., Vienneau et al. [23] ), we were not able to identify a threshold value below which there are no cardiovascular risk elevations.
Ischemic and hemorrhagic stroke
Overall, we saw heterogeneous results for the sensitivity analysis examining the different types of traffic noise and risk of stroke, which have to be interpreted cautiously, because particularly for hemorrhagic stroke, numbers were fairly small.
In the literature, there are indications for different etiologies of the two different types of stroke. Differences between ischemic and hemorrhagic stroke have been noted for several risk factors, [34] such as obesity, [35] diet, [36] and occupational stress. [37, 38] For stress, sleep, and hypertension as potential mechanisms linking traffic noise and stroke, former studies also point toward different risk patterns for ischemic and hemorrhagic stroke. Occupational stress seems to be a risk factor for ischemic but not (or at least not to the same extent) for hemorrhagic stroke, [37, 38] while for stress overall the evidence for differences between the two types of stroke is unclear. [34, 39] Hypertension increases the risk of both types of stroke, but especially hemorrhagic stroke. [39] The risk estimates found in the current study for ischemic stroke are similar to risk estimates derived for myocardial infarction [40] which may be explained by shared pathophysiological mechanisms.
People's (health) reaction to noise may not only be influenced by amplitude but by other factors such as regularity and fluctuation strength. [41, 42] While street traffic noise is a rather continuous and monotonous source of noise, railway, and aircraft traffic noise are characterized by noise events (i.e., a train or plane passing by). In our study, the risk for hemorrhagic stroke was particularly high for the group that experienced low continuous aircraft noise but several nightly noise events. Moreover, for railway noise − which is also characterized by single, potentially disturbing noise events − risk estimates for hemorrhagic stroke also tended to be higher than risk estimates for ischemic stroke. In contrast, we found road traffic noise to be associated with ischemic stroke, but not with hemorrhagic stroke. This may indicate that the risk for hemorrhagic stroke might be particularly increased by single disturbing nightly noise events, whereas the risk for ischemic stroke might be better reflected by continuous noise pressure levels. However, to date a convincing pathophysiological mechanism explaining this potential difference between the risks of ischemic and hemorrhagic stroke is lacking. One potential explanation could be that nightly disturbance may lead to acute blood pressure elevation which might have a stronger effect on hemorrhagic stroke risk than ischemic stroke risk. This would be in line with the finding that hypertension is a stronger predictor of hemorrhagic than of ischemic stroke, [39] and with the finding that traffic noise exposure is associated with a higher risk of hypertension-related diseases. [43] Implications and future studies An important novel result of our study is that nightly maximum aircraft noise levels are associated with an increased stroke risk, implying a strong effect of nightly disturbance that takes place from single maximum noise events, even if the continuous noise pressure levels are relatively low. It supports the hypothesis of disturbed sleep as one pathophysiological mechanism through which traffic noise increases stroke risk. The finding is similar to the risk increase for nightly maximum aircraft noise found for other cardiovascular diseases in previous studies, such as hypertensive heart disease and heart failure (OR = 1.06; 95%CI: 1.03-1.09), [44] and myocardial infarction (OR = 1.05 risk increase; 95%CI: 1.02-1.11). [40] These results could have important implications for the discussion about laws on banning night flights and exceptions to these bans, indicating that nightly maximum noise may be important when estimating health risks for populations living around airports. Furthermore, there are important implications for future research. Only examining continuous noise exposure (and thus adding the group exposed to low continuous noise but high maximum noise to the reference category) may lead to an underestimation of actual risks.
New approaches to classifying noise beyond continuous noise exposure, such as the intermittency ratio (expressing }the proportion of the acoustical energy contribution in the total energetic dose that is created by individual noise events above a certain threshold}) [45] are currently being developed or have recently been published. Future research should examine different noise measures to determine those that are particularly relevant for predicting disease risks, and whether different types of noise (e.g., maximum versus continuous) increase the risk for different types of diseases. While in this study we only had data available on single incidents of noise exposure for aircraft traffic noise, future studies should investigate whether there are similar effects for railway traffic noise, and possibly also for road traffic noise.
CONCLUSION
Overall, this study suggests that traffic noise exposure may increase stroke risk. It furthermore indicates that maximum aircraft noise levels at night increase the stroke risk even when continuous noise exposure is low. This highlights the relevance of maximum noise levels for future research and policies regarding aircraft noise protection measures.
Financial support and sponsorship
This work was supported by the Gemeinnützige Umwelthaus GmbH, Kelsterbach. The funders had no role in the study design; in the collection, analysis, and interpretation of data; in the writing of the article; and in the decision to submit the article for publication.
